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The present study examined the binding of the individual N- and C-lobes of calmodulin (CaM) to
Cav1.2 at different Ca2+ concentration ([Ca2+]) from  free to 2 mM, and found that they may bind
to Cav1.2 Ca2+-dependently. In particular, using the patch-clamp technique, we conﬁrmed that the
N- or C-lobes can rescue the basal activity of Cav1.2 from run-down, demonstrating the functional
relevance of the individual lobes. The data imply that at resting [Ca2+], CaM may tether to the
channel with its single lobe, leading to multiple CaM molecule binding to increase the grade of
Ca2+-dependent regulation of Cav1.2.
Structured summary of protein interactions:
Cav1.2 binds to CaM N-lobe by pull down (View interaction)
Cav1.2 binds to CaM C-lobe by pull down (1, 2)
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
By controlling cellular Ca2+ entry, the voltage-gated Ca2+ chan-
nels (Cavs) play essential roles in many cellular functions [1].
One of the interesting characteristics of Cavs is that their openings
are regulated by Ca2+, the ion that passes through the channels,
including both a negative mechanism and a positive feedback
mechanism: Ca2+-dependent facilitation (CDF) and inactivation
(CDI). CDF will enhance channel opening when basal Ca2+ levels
are increased or repeated transient depolarization happens. CDI
will enforce channel closing when the entry of Ca2+ is further
increased. It is believed that both CDF and CDI require calmodulin
(CaM), a ubiquitously expressed Ca2+-binding protein, to bind to
the a1 subunit of Cavs [1,2]. Multiple binding sites for CaM onthe N- and C-terminal tails and on the I-II loop of Cavs have been
suggested to contribute to the duality of Ca2+/CaM-mediated regu-
lation [1,3–6].
The CaM molecule is composed of two connected lobes, the
N-terminal lobe (N-lobe) and the C-terminal lobe (C-lobe). Each
lobe contains two Ca2+-binding EF hands with C-lobe having a
3- to 10-fold higher afﬁnity for Ca2+ than N-lobe [2]. The N- and
C-lobe also exhibit different afﬁnities for the fragment peptides
of Cavs. For example, in the cardiac L-type Ca2+ channel (Cav1.2,
a1c), Ca2+/C-lobe shows high afﬁnity for the IQ domain located in
the C-terminal tail of Cav1.2, while Ca2+/N-lobe shows low or inter-
mediate afﬁnity [5,7]. Some other experiments have demonstrated
that CDI in the L-type channel (Cav1.2) is governed by the binding
of Ca2+ to C-lobe of CaM [3,8,9]. Our previous studies have also
shown that C-lobe of CaM is critical in sensing the change of
[Ca2+] when it binds to the C-terminal tail of Cav1.2 [10]. However,
when we observed the facilitation and inactivation of Cav1.2 activ-
ity induced by Ca2+-insensitive mutants of CaM with patch-clamp
technique, we found that the Ca2+-dependency requires both
3856 D. Shao et al. / FEBS Letters 588 (2014) 3855–3861N- and C-lobe [11,12]. Therefore, the mechanisms by which N- and
C-lobe of CaM each exert Ca2+-dependent regulation remain to be
elucidated.
The intracellular free Ca2+ increases from 107 M during rest-
ing conditions up to 103 M during excitation. Since the
increased intracellular Ca2+ is only available brieﬂy, the Ca2+-bound
CaM is also likely to be present for only a brief period. Numerous
studies have suggested that CaM is constitutively tethered to the
channel during resting conditions. The tethering site of Ca2+-free
CaM (apocalmodulin, apoCaM) has been implicated to be IQ or
preIQ region (also referred as peptide A and C) of Cav1.2 channel
[1,5]. It is reported that Ca2+-bound CaM binds to its targets with
both N- and C-lobe or with only a single lobe engaged [2]. How-
ever, the way in which CaM tethers to the tethering site with its
two lobes is rarely studied at resting condition. Our previous stud-
ies found that cytoplasmic factors and CaM can prevent and rescue
the channel activity from run-down in cell-free patches [11–16],
suggesting that CaM has an important physiological role in the reg-
ulation of the Ca2+ channel activity at resting condition [11,15,16].
The binding of CaM at resting condition is very important for the
rapid increase of Ca2+ responding to the stimuli [1,2,5]. Thus, it is
interesting to investigate the binding properties of the two lobes
of CaM at resting condition when the [Ca2+] is low.
Although N-lobe and C-lobe of CaM have different Ca2+ binding
properties, they are quite similar in structure (Fig. 1), and are
linked by a ﬂexible a-helix amino acid linker [2]. In the present
study, we prepared fragmented N- and C-lobe of CaM and exam-
ined the lobe-speciﬁc interactions between CaM and the proximal
part of the C-terminal tail of Cav1.2, which is thought to play a
prominent role in the CaM-mediated regulations. Meanwhile we
examined the electrophysiological functions of the individual lobes
with regard to the regulation of Cav1.2 using the patch-clamp tech-
nique. We successfully detected that the N- or C-lobe can rescue
the basal activity of Cav1.2 from run-down at resting Ca2+ level,
demonstrating the functional relevance of the individual lobes.A
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2.1. cDNA construction and site-directed mutagenesis
The cDNA corresponding to the proximal part of the C-terminal
tail of Cav1.2 (CT1, amino acids 1509–1789) was generated by PCR
using the cDNA of guinea-pig Cav1.2 (Genbank Nucletide
AB016287) as the template [17]. The N-lobe (a.a. 3–80) and C-lobe
(a.a. 76–148) of human CaM were subcloned from cDNA originally
cloned from HEK293 cells [11,17]. The DNAs described above were
each ligated into pGEX6P expression vectors (GE Biosciences). The
Ca2+-insensitive mutants of N-lobe (N-lobe12, E31A + E67A) and
C-lobe (C-lobe34, S101F + E140A) were created by site-directed
mutagenesis using a Quickchange™ kit (QIAGEN) (Fig. 1) [10].
2.2. Expression and puriﬁcation of recombinant GST fusion peptides
The vectors described in the previous section were transformed
into the Escherichia coli BL21 (DE3) host for expression. After grow-
ing in LB media at 37 C until an OD600 of 0.8, the bacteria were
induced with 1 mM isopropyl-1-thio-b-D-galactopyranoside and
incubated for another 4 h at 37 C before harvesting. The corre-
sponding peptides were expressed as glutathione-S-transferase
(GST) fusion proteins and puriﬁed using Glutathione Sepharose
4B beads (GS-4B; GE Healthcare). The GST regions of N-lobe, C-lobe
and their corresponding mutants were cleaved with PreScission
Protease (GE Healthcare).
2.3. GST pull-down assay and data analysis
GST-fusion CT1 (2–4 lg) was immobilized on GS-4B and incu-
bated in 300 lL of Tris buffer with increasing concentrations of
CaM lobes (0.1, 0.35, 0.7, 1.4, 2.1, 3.5, 10 lM) for 4 h at 4 C under
agitation in the presence of different free Ca2+ concentrations
([Ca2+],  free, 100 nM, 10 lM, and 2 mM) [10,16,20]. Then, theC-lobe34 S101F+E140A
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containing the non-ionic detergent Tween 20 (0.05%, Sigma–
Aldrich). Bound CaM lobes and CT1 were resuspended in SDS sam-
ple loading buffer and resolved in a 15% SDS–PAGE gel. Proteins
were visualized by Coomassie brilliant blue R (CBB) staining. Pro-
tein bands in the SDS–PAGE gel were digitized by scanning the
bands with the Photoshop software (Adobe, San Jose, CA, USA),
and the optical density was analyzed using Image J software
(NIH, Bethesda, MD, USA) [10,16,17,20]. Curve-ﬁtting of the total
bound ligand (N-lobe, C-lobe and their mutants) was performed
with SigmaPlot 10.0 or DeltaGraph 5 J. Bound ligand (Y) was ﬁtted
with the following Hill’s equation,
Y ¼ Bmax1  X=ðKd1 þ XÞ þ Bmax2  X=ðKd2 þ XÞ þ . . .
where Bmax(i) is the maximum binding, X is the concentration of the
free ligand, and Kd(i) is the apparent dissociation constant for each
binding site (Bmax(i) 6 1). Hill coefﬁcient of 1.0 was assumed
[10,16,20]. Total concentration of ligand was taken as an approxi-
mate of that of free ligand.
2.4. Electrophysiological experiment
Single ventricular myocytes of guinea-pig heart were prepared
as described previously [14,15]. Single L-type Ca2+ currents were
recorded using the patch-clamp technique at room temperature
(23–25 C) using a patch pipette (2–4 MX) [14,15]. Tyrode solution
contained (mM): NaCl 135, KCl 5.4, NaH2PO4 0.33, MgCl2 1, glucose
5.5, CaCl2 1.8, and Hepes-NaOH buffer 10, pH 7.4. The basic internal
solution consisted of (mM): potassium aspartate 90, KCl 30,
KH2PO4 10, MgCl2 0.5, EGTA 1, CaCl2 0.5, and Hepes-KOH bufferD
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Fig. 2. Interaction of the C-lobe of CaM and its mutant (C-lobe34) with CT1 of the Cav1.2
GST-fusion CT1 was incubated with increasing concentrations of C-lobe or C-lobe34 (0.1 to
by CBB staining. C-lobe or C-lobe34 bands are indicated by arrows. (B and D) Bound C-lobe
basis (C-lobe or C-lobe34/GST-CT1) with mean ± S.E (n = 4–12 for the C-lobe, n = 4 for the
conditions.10 (pH 7.4). The pipette solution contained (mM): BaCl2 50, tetrae-
thylammonium (TEA) Cl 70, EGTA 0.5, Bay K 8644 0.003, and
Hepes-CsOH buffer 10 (pH 7.4). After the inside-out patches were
established (indicated as I.O in the ﬁgures), patches were then
moved to a small inlet of the perfusion chamber, which was con-
nected to a micro-injection system. Ba2+ currents through the
Ca2+ channels were elicited by depolarizing pulses from 70 mV
to 0 mV for 200 ms duration at a rate of 0.5 Hz, recorded with a
patch clamp ampliﬁer (Axopatch 200B, USA), and fed to a computer
at a sampling rate of 3.3 kHz after being ﬁltered at 1 kHz. The mean
current during the period 5–105 ms after the onset of the test
pulses (I) was measured and divided by the unitary current ampli-
tude (i) to yield NPo (since I = N  Po  i), where N is the number of
channels in the patch and Po is the time-averaged open-state prob-
ability of the channels.
2.5. Statistical analysis
Data were presented as means ± standard error (SE). A Student’s
t-test was used to estimate the statistical signiﬁcance, and P < 0.05
was considered signiﬁcant.3. Results
3.1. Binding of the individual C-lobe of CaM and a C-lobe mutant to
Cav1.2
C-lobe was thought to be more critical for sensing the change of
[Ca2+] [2,10]. Thus, we ﬁrst examined the binding of C-lobe to CT1,.01 .1 1 10
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3858 D. Shao et al. / FEBS Letters 588 (2014) 3855–3861which is the proximal part of the Cav1.2 C-terminus and contains
CaM binding preIQ and IQ motifs. As shown in Fig. 2A, in the pres-
ence of 2 mM Ca2+, C-lobe bound to CT1. We then decreased the
[Ca2+] to 10 lM. Though binding of C-lobe to CT1 was still detected,
the density was lower than in the presence of 2 mM Ca2+. We fur-
ther decreased the [Ca2+] and found that while binding of C-lobe to
CT1 was barely detectable in Ca2+-free conditions, C-lobe of CaM
was clearly bound to CT1 in 100 nM Ca2+.
The summarized data from the densitometer analyses of repli-
cate gels are shown in Fig. 2B and Table 1. The maximal binding
estimated as Bmax of C-lobe to CT1 was 2.86 (Bmax1 + Bmax2 + Bmax3),
1.97 (Bmax1 + Bmax2) and 0.79 mol/mol (C-lobe/CT1) in 2 mM,
10 lM and 100 nM Ca2+, respectively (n = 6–12). Since binding of
C-lobe to CT1 in Ca2+-free conditions was hard to detect, the bind-
ing density was not estimated. The maximal binding was less than
1 mol/mol C-lobe/CT1 at 100 nM Ca2+, but reached nearly 2 mol/
mol C-lobe/CT1 at 10 lM Ca2+ and 3 mol/mol C-lobe/CT1 at
2 mM Ca2+, suggesting that CT1 can bind multiple C-lobe molecules
at higher [Ca2+] (P10 lM). The binding afﬁnity estimated as Kd
value also shows a [Ca2+]-dependent increase (Table 1).
To further examine the Ca2+-dependence of C-lobe binding to
the channel, we measured the interaction of CT1 with C-lobe34,
an apo C-lobe mimic, at [Ca2+] of  free to 2 mM. As shown in
Fig. 2C, C-lobe34 was still able to bind to CT1 in a concentration-
dependent manner, but the Ca2+-dependence was diminished.
The Bmax was less than 1 mol/mol CaM/CT1 even in 2 mM Ca2+
(Fig. 2D).
3.2. Binding of the individual N-lobe of CaM and an N-lobe mutant to
Cav1.2
We then examined the binding properties of N-lobe to Cav1.2.
As shown in Fig. 3A, the binding of N-lobe to CT1 was clearly
detected in  free and low Ca2+ conditions, and was further
increased at higher [Ca2+]. The apparent afﬁnity was only slightly
increased at 2 mM Ca2+ (Kd = 1.91 lM) compared with in  free
Ca2+ conditions (Kd = 2.41 lM). However, the maximal binding
estimated as Bmax was 0.39, 0.49, 0.54 and 0.98 mol/mol N-lobe/
CT1 (n = 6–14) at  free, 100 nM, 10 lM and 2 mM Ca2+, respec-
tively, showing an obvious increasewith increasing [Ca2+] (Table 1).
It is interesting to note that although the Bmax of C-lobe is much
greater than that of N-lobe at 2 mM Ca2+, they are not that different
at  free and low (100 nM) Ca2+, suggesting that N-lobe may play a
role as importantly as C-lobe at least in the low Ca2+ condition.
To conﬁrm that N-lobe may bind with CT1 at low Ca2+, we
examined the binding of N-lobe12 with CT1. As shown in Fig. 3C,
N-lobe12 bound to CT1 in a concentration-dependent manner but
not in a Ca2+-dependentmanner. The parameters obtained (Table 1)
revealed that Kd values had no obvious Ca2+-dependence. The max-
imal binding was about 0.75 mol/mol N-lobe12/CT1 (Fig. 3D), sup-
porting that N-lobe was capable to bind to the channel at low
[Ca2+]. The above data revealed that both N- and C-lobe showed
Ca2+-dependent binding to the C-terminus of Cav1.2, and their
Ca2+-dependences were different. First, at high Ca2+ condition,
approximately 3 molecules of C-lobe may bind to CT1, while it
was approximately 1 molecule for N-lobe. Second, at free Ca2+
condition, the binding of C-lobe to CT1 was hard to detect, while
N-lobe showed an obviously detectable binding with CT1. Thus,
the Ca2+-dependent increase of the Bmax and afﬁnity was much
sharper for C-lobe than for N-lobe.
3.3. Electrophysiological effects of N- and C-lobe on Cav1.2
In order to understand the functional relevance of the binding
of N- or C-lobe to the channel, especially their bindings at the
resting [Ca2+], we examined the effects of N- and C-lobe in the
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D. Shao et al. / FEBS Letters 588 (2014) 3855–3861 3859maintenance of the basal activity. Surprisingly, we found that both
lobes of CaM (in the presence of 3 mM ATP) rescued the basal
activity of the channel from run-down, similar to the effects of
full-structured CaM. As shown in (Fig. 4A), the channel activity
diminished rapidly to 0.45% ± 0.15% of that in the cell-attached
mode (n = 8) after the formation of inside-out patch (run-down
phenomenon). Consistent with our previous reports [11,12,15,
16,18], in the presence of the full-structured CaM (1 lM) the chan-
nel activity was rescued to 161.47 ± 8.23% (n = 3) of that observed
in the cell-attached mode (Fig. 4B). Then the individual N-lobe
(30 lM) was examined: The run-down of channel activity was also
prevented with a relative channel activity of 103.77 ± 41.64%
(n = 6) of that in the cell-attached mode, suggesting that the bind-
ing we observed using the pull-down assay may have its action in
the maintenance of the basal activity of the channel. Similarly, the
run-down preventing effect was also observed using C-lobe with a
relative channel activity of 43.91 ± 23.76% (n = 6) although the
effect was less than that obtained with individual N-lobe. The
above data implied that binding of a single lobe of CaM was
enough to produce basal activity of the Cav1.2 channel.4. Discussion
To clarify how CaM interacts to Cav1.2 channel with its two
lobes is a key issue to understand the molecular bases of not only
CDF and CDI but also basal activity of Cavs. In the present study, we
have found that at resting [Ca2+] (100 nM), the individual N- and
C-lobe and their apo-type mimics, N-lobe12 and C-lobe34, bind to
the C-terminal peptide of Cav1.2. In addition, by using patch-clamp
technique, we have conﬁrmed that the individual N- or C-lobe
rescued Cav1.2 channels from run-down. These results support
the idea that at  free or low [Ca2+], such as at the resting condition
of the cells, single lobe binding of CaM is sufﬁcient to induce the
channel basal activity. The binding densities (Bmax) of N- and
C-lobe of CaM were similar at 100 nM Ca2+, but at  free Ca2+,
the binding of individual C-lobe was hard to detect. Correspond-
ingly, the electrophysiological effect of C-lobe at 80 nM Ca2+ was
smaller than that of N-lobe. Taken together, it is reasonable to
hypothesize that at  free to low Ca2+ conditions, binding of CaM
to Cav1.2 with its N-lobe may be the dominant form to reprime
channel activity.
86
4
2
0
I.O
0     1       2      3      4       5       6      7      8     9     10
4
3
2
1
0
CaM, 80 nM Ca2+
I.O
0     1       2      3      4       5       6      7      8     9     10
8
6
4
2
0
Run-down
I.O
0     1       2      3      4       5       6      7      8     9     10
8
6
4
2
0
N-lobe, 80 nM Ca2+
I.O
0     1       2      3      4       5       6      7      8     9     10
C-lobe, 80 nM Ca2+
C D
E F
0 mV
ε70 mV
200 ms
1.5 pA
a b a b
N
Po
N
Po
N
Po
N
Po
Time (min) Time (min)
Time (min) Time (min)
a b
a
b
A B
C
N C
N
Fig. 4. Electrophysiological effects of individual N-lobe and C-lobe on Cav1.2. Open state probability (NPo) of the channels was calculated for repetitive depolarization and
plotted against time (A–D). (A) The channel activity diminished rapidly after the formation of inside-out patch (run-down phenomenon) in the basic internal solution +3 mM
ATP ([Ca2+]  80 nM). (B) In the presence of full-size CaM (1 lM) together with 3 mMATP at 80 nM Ca2+, the channel activity was recurred. (C) In the presence of individual N-
lobe (30 lM), the run-down of channel was prevented. (D) In the presence of individual C-lobe (30 lM), the run-down was also prevented but with a less potency than N-
lobe. (E and F) Representative consecutive single-channel traces recorded at the times indicated by the same letters in C and D, respectively.
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roles in the regulation of Ca2+ channels [3,7,9,19]. Our recent ﬁnd-
ings with the pull-down assay method also suggest C-lobe is much
critical in sensing the change of [Ca2+] [10]. The Bmax of full-sized
CaM increased up to 1.74 mol/mol by increasing [Ca2+], which
was mimicked with CaM12 but not CaM34. The Kd value of the
high-sensitive site for CaM is lowered from 1.17 to 0.39 lM by
increasing [Ca2+] from  free to 2 mM, which was abolished in
CaM34 [10]. In present study, we found that both the bindings of
N- and C-lobe showed Ca2+-dependent increase with different
afﬁnities. The Bmax of N- and C-lobe increased from 0.39 and  0
to 0.98 and 2.86 mol/mol, respectively, and Kd decreased from
2.41 and N.D. to 1.91 and 1.17 lM by increasing [Ca2+]. These ﬁnd-
ings are consistent with those of full-size CaM but for low afﬁnities
of N- and C-lobe. Thus, at low [Ca2+], the C-terminal peptide of the
channel preferred to bind with N-lobe, but at high [Ca2+], the bind-
ing of C-lobe to the C-terminus was higher than that of N-lobe,
indicating that the effect of Ca2+-dependent increase was more
pronounced for C-lobe than for N-lobe. The distinct responses to
increased [Ca2+] and the intrinsically different afﬁnities for Ca2+
between the two lobes of CaM endow the CaM molecule with
the ability to mediate two opposite effects: CDF and CDI.
To clarify howmany molecules of CaM are involved in the chan-
nel regulation is another key issue to understand the molecular
basis of CDF and CDI of Cavs. It has been reported that synthetic
peptides of C-terminal regions of the Cav1.2 channel, which con-
tained multiple CaM binding sites (preIQ and IQ), bind with a sin-
gle molecule of CaM [5]. However, our recent studies have revealedthat two CaM molecules are involved in the regulation of channel
activity [11,12,16], and can bind to the C-terminal region at the
same time [10,20]. Binding of multiple CaM molecules to preIQ–
IQ region of Cav1.2 is also supported by crystallographic studies
[21,22]. In the present study, we have found that the binding
densities of C- and N-lobe of CaM to CT1 are approximately three
and one mol/mol, respectively (Table 1). The ﬁnding that the three
C-lobe and one N-lobe bind to CT1 would reﬂect that multiple mol-
ecules of CaM can bind to CT1. It was difﬁcult, however, to assess
the effect of C-lobe on the open-state probability of the channel
at [Ca2+] higher than 2 lM, since another Ca2+-dependent, but
CaM-independent, inactivation would take place [11]. On the other
hand, single N-lobe binding to CT1 would imply that a further
binding of N-lobe might require cooperation of C-lobe, which
lacked in fragmented N-lobe. That the afﬁnity of N- or C-lobe
was lower than that of the full-structured CaM [10] also suggests
that N (C)-lobe increased the afﬁnity of C (N)-lobe for the Cav1.2
channel [23]. Alternatively, it is also possible to interpret that the
second N-lobe binding site might be located other than
C-terminus, such as N-terminus of Cav1.2 [6] and the I-II loop of
the channel [4].
Based on previous [10,16,17,20] and present ﬁndings, we pro-
pose a hypothetical model for the CaM interaction with the CT1
region in the Cav1.2 channel. Under low or free [Ca2+] condition,
one molecule of CaM may interact with CT1, with N-lobe as the
dominant one. Since the afﬁnity of apoCaM for its site is low, the
channels may not all bind with CaM but the interaction between
CaM and the channel is in a dynamic equilibrium. When [Ca2+] is
D. Shao et al. / FEBS Letters 588 (2014) 3855–3861 3861moderately increased, C-lobe of CaM may also interact with CT1
resulting in an increase in the CaM-bound channels. This would
be possibly the basis of CDF. At high [Ca2+], the second molecule
of CaM may bind to the secondary site in C-terminus with C-lobe.
This would be possibly the basis of CDI. Since the Bmax of C-lobe is
higher than that of N-lobe, the N-lobe of secondary CaM might
bind to a site other than C-terminus of the channel.
In summary, we have described different Ca2+-dependencies of
the binding of two lobes of CaM to C-terminal peptide of Cav1.2
channels. We have also found that individual N- and C-lobe of
CaM can maintain the basal activity of the channel. These ﬁndings
would provide a clue to further elucidate the molecular mecha-
nism of the Ca2+-dependent regulation of Cav1.2 channel.
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